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(54) Self-testing of magneto-resistive memory arrays 

(57) A collection of testing circuits (106, 108, 110, 
112) are disclosed which can be used to form a compre- 
hensive built-in test system for M RAM arrays (1 02). The 
combination of testing circuits can detect MRAM array 
defects including: open rows (209), shorted memory 
cells (211 ), memory ceils which are outside of resistance 
specifications, and simple read/write pattern errors. The 
built-in test circuits include a wired-OR circuit (216, 21 8) 
connecting all the rows (206) to test for open rows (209) 
and shorted memory cells (211). A dynamic sense cir- 
cuit (300, 400) detects whether the resistance of mem- 
ory cells is within specified limits (510, 520). An exclu- 
siveOR gate (61 6) combined with global write controls 
(612, 614, 620) is integrated into the sense amplifiers 
and Is used to perform simple read-write pattern tests. 
Error data from the margin tests and the read-write tests 
are reported through a second wired-OR circuit (630). 
Outputs from the two wired-OR circuits and the associ- 
ated row addresses are reported to the test processor 
(1 1 2) or recorded into an on-chip error status table (110). 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to the testing of 
memory circuits, and in particular to built-in self test cir- 
cuitry for magneto-resistive memory (MRAM) arrays. 

BACKGROUND OF THE INVENTION 

[0002] In the production of large and complex inte- 
grated circuits one of the important considerations is the 
testability of the circuit. Because of flaws and inaccura- 
cies which can affect the integrated circuits during fab- 
rication it is important to be able to test the fabricated 
circuits before they are dispatched for use, so that faulty 
IC's can be discarded or, in some instances, corrected. 
Often such testing is performed by external circuitry, 
however the efficiency of testing can be increased if test- 
ing circuitry is included in the IC. This is referred to a 
.built-in self test circuitry. 

[0003] The documents referred to betow describe 
some techniques for built-in self test in large scale inte- 
grated circuits. 

1 . M. Abramovici, et al; Digital Systems Testing and 
Testable Design; Chapter 9: "Design for testability"; 
Rockvtlle, MD; Computer Science Press; 1990 

2. E. B. Eichelberger & T. W. Williams; "A Logic De- 
sign Structure for LSI Testability"; Journal of Design 
Automation and Fault Tolerant Computing; Vol.2, pp 
165-178; May 1978 

3. 5. Dasqupta, et al; "A variation of LSSD and its 
Implementation in Design and Test Pattern Gener- 
ation in VLSI"; Proc. IEEE ITC; 1982; pp 63-66 

[0004] Built-in self testing of memory circuits can be 
particularly advantageous because a large number of 
test vectors may be required in order to test a large 
memory array, which can Involve substantial testing 
time for external circuitry. One of the testing procedures 
which is useful for memory arrays such as DRAM and 
SRAM is referred to as a pattern test, where a predeter- 
mined pattern (e.g. a checkerboard pattern) of data is 
written to the array and then the array Is read to deter- 
mine if the retrieved data matches the pattern that was 
written. 

[0005] A new form of memory array which is being de- 
veloped is referred to as magnetic random access mem- 
ory (MRAM), and has the potential to be fabricated in 
arrays having storage capacities of many giga-bits. Be- 
cause of the structure of MRAM elements and arrays, 
the size of the arrays and the data I/O structure thereof, 
built-in self test circuits which have been developed for 
SRAM and DRAM are inapplicable or insufficient for the 
purposes of MRAM. 
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SUMMARY OF THE INVENTION 

[0006] In accordance with the principles of the present 
invention, there is provided a built-in self testing system 
5 for a magneto-resistive memory array integrated circuit 
including a first resistance specification testing circuit 
coupled to the brtlines of the memory array for testing 
the resistance of each memory cell in the memory array 
to determine if the resistance thereof is within predeter- 

10 mined upper and lower limits. 

[0007] Preferably the resistance specification testing 
circuit compares a signal generated from each respec- 
tive memory cell with first and second predetermined 
timing signals representing the predetermined upper 

15 and lower memory cell resistance specification limits. 
[0008] In the preferred form of the invention the resist- 
ance specification testing circuit is incorporated in sense 
amplifier circuitry of the integrated circuit. The resist- 
ance specification testing circuit may include a charge 

20 integrating circuit arranged to integrate charge accord- 
ing to sensing current through a memory cell under test. 
A threshold circuit may be coupled to provide a binary 
output from the integrating element, and a switching cir- 
cuit can be coupled to provide the binary output to a scan 

25 register of the sense amplifier in accordance with the 
first and second predetermined timing signals. The con- 
tents of the scan register can then be used to indicate 
whether the memory cell passes or fails the resistance 
specification test. 

30 [0009] A second testing circuit may be coupled to the 
rows of memory cells in the memory array and arranged 
to detect shorted memory cells and open row address- 
ing lines in the respective array rows. Preferably the sec- 
ond testing circuit comprises a wired-OR circuit coupled 

35 with the memory array rows to provide input and coupled 
to provide output to a row error flag register which 
records if any shorted cell or open row addressing line 
is detected in the memory array. 
[001 0] A third testing circuit may be coupled to a scan 

40 register of the memory array and arranged to write a pre- 
determined data pattern into the memory array, read out 
data from the memory array, and compare the data read 
out with the data written in. 

[0011 J In a preferred form of the invention the third 
45 testing circuit is coupled with the first testing circuit 
through a wired-OR circuit to combine the outputs there- 
of Into an error flag column register. The error flag col- 
umn register can be used to record a number of errors 
detected by the first and third testing circuits for each 
50 row in the memory array in order to determine if the 
number of errors for each respective row is greater than 
a predetermined permissible number. 
[0012] In accordance with the present invention there 
is also provided a built-in self testing system for a mag- 
55 neto-resistive random access memory (MRAM) inte- 
grated circuit having an array of memory cells, the mem- 
ory cells each coupled between a respective row line 
and column line of the array, with sense amplifiers being 
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coupled to the column lines of the array to sense data 
stored in the memory cells and a scan register coupled 
to receive output from the sense amplifiers and provide 
input for the memory cells in the array. The built-in self- 
testing system includes a first testing circuit comprising 
a resistance specification testing circuit coupled to the 
respective sense amplifiers for testing the resistance of 
each memory cell in the memory array to determine if 
the resistance thereof is within predetermined upper 
and lower limits. The built-in self testing system in this 
case also includes a second testing circuit coupled to 
the row lines of the memory array for detecting shorted 
memory cells and open row addressing lines in the re- 
spective array rows. This form of the built-in self testing 
system further includes a third testing circuit coupled to 
the scan register of the memory array and arranged to 
write a predetermined data pattern into the memory ar- 
ray, read out data from the memory array, and compare 
the data read out with the data written in. 
[001 3] A preferred form of the built-in self testing sys- 
tem further includes a testing state machine circuit cou- 
pled to control the first, second and third testing circuits 
to carry out respective first, second and third tests on 
the memory array. 

[0014] Preferably the first and second predetermined 
timing signals are generated by said testing state ma- 
chine circuit. 

[0015] In accordance with another form of the inven- 
tion there is provided a method for providing a built-in 
self testing capability for a magneto-resistive random 
access memory (MRAM) integrated circuit having an ar- 
ray of memory cells with at least one sense amplifier for 
sensing data stored in the memory cells. The method 
includes the steps of: using the sense amplifier to gen- 
erate a current signal representing a sensing current 
through a memory ceil in the array; time integrating the 
current signal and applying a threshold thereto to pro- 
duce a binary output; sampling the binary output at first 
and second times; and registering the memory celt as 
outside predetermined resistance specifications based 
on the first and second sampled binary outputs. 
[0016] The preferred embodiments of the present in- 
vention provide several advantages over the prior art. 
For example, conventional memory testing will require 
a significant time to test each chip that will result in mak- 
ing the MRAM test costs relatively high. Built-in self tests 
as found on SRAM and DRAM chips can be used to re- 
duce testing time, but are limited to pattern tests and do 
not consider the special test requirements of MRAM ar- 
rays. This embodiments of the present invention utilize 
the write data and read data sense circuits found in 
MRAM arrays to create a wide range of built-in self test 
features which takes advantage of the block organiza- 
tion of the MRAM data. The scan data I/O registers are 
used store single bit error data that may be used to de- 
termine if the number of errors are ECC correctable or 
if the entire row of data needs to be marked as BAD. 
The circuits in this invention, when operated with a sim- 



ple built-in test' state machine, will provide a complete 
range of tests and error reports for efficient MRAM array 
testing. The built-in self tests could be done at manu- 
facture test and/or repeated by the user during ref ormat- 
s ting procedures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The invention is described in greater detail 
10 hereinafter, by way of example only, through description 
of a preferred embodiment thereof and with reference 
to the accompanying drawings in which: 

Figure 1 is a system block diagram of an MRAM 
is array including built-in self test circuitry according 
to an embodiment of the present invention; 
Figure 2 is a simplified circuit diagram illustrating 
an open row and shorted MRAM element test cir- 
cuit; 

20 Figure 3 is a circuit diagram of a Hi/Lo MRAM ele- 
ment resistance test circuit as part of a triple sample 
sense amplifier; 

Figure 4 is a circuit diagram of a Hi/Lo MRAM ele- 
ment resistance test circuit as part of a single sam- 
25 pie sense amplifier; 

Figure 5 is a timing diagram illustrating a Hi/Lo 
MRAM element resistance test timing sequence; 
and 

Figure 6 is a simplified circuit diagram of a column 
30 Hi/Lo resistance test and pattern test wired-OR cir- 
cuit. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

35 

[0018] A method and apparatus for testing memory 
circuits is disclosed herein. In the following description, 
for purposes of explanation, specific nomenclature and 
specific implementation details are set forth to provide 
to a thorough understanding of the present invention. 
However, it will be apparent to one skilled in the art that 
these specific details are not required in order to practice 
the present invention. 

[0019] An MRAM system 100 is shown in block dia- 
45 gram form in Figure 1 , having an MRAM array 102 and 
including built-in self test circuitry according to an em- 
bodiment of the present invention. A row wired-OR test 
circuit 1 06 is coupled to the output lines of the respective 
rows of memory elements in the array 102, which are 
so addressed by means of a row address decoder 104 in 
known manner. Acolumn test circuit coupled to the array 
102 is shown at 108, which includes a Hi/Lo resistance 
specification tester, a pattern test circuit and a column 
wired-OR output. The column test circuit 108 is coupled 
55 to provide output to acolumn error counter 110. The row 
test circuit 106, column test circuit 108 and column error 
counter 110 are all coupled to a test function state ma- 
chine 112, which is also coupled to enable control of the 
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row address decoder 104. The preferred implementa- 
tion of the present invention incorporates several as- 
pects that can be utilized to form a comprehensive built- 
in self test system for MRAM memory arrays. The vari- 
ous aspects of the preferred embodiments are de- 
scribed in detail hereinbelow, from which a greater un- 
derstanding of the functions of the circuits of Figure 1 
can be ascertained. 

[0020] A simplified circuit 200 is shown in Figure 2 for 
testing for open rows and shorted MRAM elements. The 
circuit 200 shows a portion of an MRAM array 202 which 
comprises a grid of magneto-resistive memory ele- 
ments 210 each coupled between respective column 
control lines 204 and row control lines 206. Three rows 
are shown in the array portion 202 In Figure 2, which 
are referred to as rows *n-1", "n" and "n+1" ( having row 
voltage outputs V^p V„and V n+P respectively. The row 
control lines 206 have inputs which are controllably con- 
nectable to ground through respective current limited 
switches 212. The switches 212 are controlled in ac- 
cordance with a row address input 214, which is opera- 
tive to selectively close the switches 212 one at a time. 
The column control lines 204 are supplied with a voltage 
source VHC. 

[0021] The control gates of respective wired-OR cir- 
cuit transistors 216 are coupled to receive the row volt- 
age outputs (V^, V m V^) from the respective row con- 
trol lines 206. The wired-OR transistors in this instance 
comprise pMOS transistors each having drain coupled 
to a voltage source VH_tst The source terminals of the 
wired-OR transistors 216 are commonly coupled to an 
output 208 at the source of a load transistor 218, such 
as a long channel transistor with a gate controlled by a 
Short Test Cik signal. The wired-OR output 208 is also 
coupled through a selection switching transistor 220 to 
a row error flag register 222. The selection switching 
transistor 220 is controlled also by the Short Test Cik 
signal. 

[0022] The operation of the circuit 200 to detect a 
shorted memory cell such as shown at 211 is described 
hereinbelow. Each of the rows of the array 202 Is select- 
ed in turn, by using the row address input to switch the 
corresponding current limited switch 212 to couple the 
row control line 206 to ground. The row selection is 
timed with the Short Test Cik input signal which controls 
the output of the wired-OR test circuit. When selected, 
a good row will pull down the row voltage output (e.g. 
v n+i) anc * a l°9ic voltage will be presented at the 
wired-OR output 208 and passed to the row error flag 
register 222. This is because a each of the memory cells 
in a good row wilt have sufficient resistance so that the 
VHC column voltage does not appear on the row control 
tine. If the row is connected to a very tow resistance 
MRAM cell (e.g. the shorted MRAM cell indicated at 
211), the row voltage ( vy will not be pulled down below 
an error test level so that the corresponding wired-OR 
transistor 216 will remain "off. In this case a logic '0' 
voltage will be passed to the row error flag register 222. 
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Un-selected rows will remain at a high {-VHC) voltage, 
so that the wired-OR output circuit will act only on the 
row selected by the row address decoder. The row error 
flag register 222 stores a record of the wired-OR test 
5 circuit output for each of the tested rows, and can be 
constructed, for example, as a shift register which is 
shitted for each row by the Short Test Cik signal. The 
row error flag register can thus provide an error flag out- 
put 224 which indicates those row(s) which have short- 
to ed memory cell(s). As can be appreciated from the fore- 
going functional description, the circuit 200 wilt also de- 
tect open (e.g. discontinuous) row lines. For example, 
the same technique described above to detect the short- 
ed memory cell 211 can be used to detect an open fault 

15 row line such as shown at 209 in Figure 2. 

[0023] A circuit 300 is illustrated in Figure 3 showing 
a Hi/Lo MRAM element resistance test circuit 302 to- 
gether with a triple sample sense amplifier circuit 304. 
Figure 4 illustrates a circuit 400 having a Hi/Lo MRAM 

20 element resistance test circuit 402 together with a single 
sample sense amplifier 404. The test circuits 302 and 
402 are designed to detect MRAM element resistance 
values that are outside the design specifications for the 
memory element data retrieval process, e.g. are outside 

25 of the range of memory element resistance values that 
can be handled by the sense amplifier circuit. The cir- 
cuits operate by developing a time signal that is depend- 
ent on the resistance of the MRAM element. The MRAM 
element time signal is compared to a reference time sig- 

30 nal supplied by the test support circuits (e.g. the test fi- 
nite state machine circuitry 112 illustrated in Figure 1). 
If the MRAM element is too low of a resistance value, 
the time signal developed by this 'Lo* resistance eiement 
will have an early transition that is sensed by comparing 

35 it to a 'Lo' test-reference time signal. Conversely, If the 
MRAM element is too high of a resistance value, the 
time signal developed by the 'Hi' resistance will have a 
late transition that is sensed by comparing it to a 'Hi 1 
test-reference time signal. The results of the 'Hi' and'Lo 1 

40 tests are stored in a scan register that is part of the 
MRAM sense amplifier. Test margins may be set to sort 
out MRAM elements that have resistance values that 
wilt cause the MRAM sense amplifiers to fail. The oper- 
ation of the circuits 300 and 400 are is described in 

45 greater detail hereinbelow. 

[0024] Referring to Figure 3, the circuit 300 as illus- 
trated Includes a sense amplifier circuit 304 for sensing 
data from an MRAM cell 310. The MRAM cell 310 is rep- 
resented by an MRAM resistance Ft_MRAM 311 in par- 

so allel with a capacitance 312. Whilst the MRAM cell 310 
represents a single ceil from the point of view of the 
sense amplifier circuit, the actual values of the resist- 
ance 311 and particularly the capacitance 312 are influ- 
enced by the cell being part of a large array of cells. In 

55 a typical storage technology application for the MRAM, 
the resistance RJlfAAAf 311 could have a nominal val- 
ue of about 1 Megohm and the capacitance 312 might 
be of the order of 0.5 picofarad. One end of the MRAM 
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cell 31 0 is coupled to the sense amplifier circuit at a node 
labeled V co/ , and the other end of the cell 31 0 is supplied 
with a sensing voltage V sense . The V^ node is on the 
input side of a matched transistor current mirror circuit 
comprising current mirror transistors 314 and 316 and 
an operational amplifier 318. In particular, the drain of 
transistor 314 is coupled to node V cot and the source 
thereof to ground. The gate of transistor 31 4 is coupled 
to the gate of transistor 31 6, where the drain and source 
of transistor 316 are coupled to a node labeled V 1 and 
ground, respectively. The operational amplifier 318 pro- 
vides drain voltage control for the current mirror circuit 
using a R_ref signal as input to the positive input node 
thereof, with the negative input node coupled to V^/and 
the output coupled to the gates of the current mirror tran- 
sistors 314, 316. In practice, for accurate sensing of the 
MRAM cell the input voltage is quite small, for 

example of the order of 0.5 volts, and the voltage at the 
Vcoi node on the other side of the cell is maintained at 
a level close to the ground potential using the R_ref in- 
put. The function of the current mirror circuit is to main- 
tain a current from node V 1 through transistor 31 6 which 
is the same as (or a known factor of) the current from 
node ^through transistor 314. in this way, the current 
through transistor 316 can be used as a measure of the 
M RAM cell resistance 31 1 . 

[0025] A p-type transistor 320 is coupled between the 
node V 1 and supply voltage VDD, and the transistor 320 
is controlled by a Resef signal. Fourcircuit branches are 
also connected to the node V r , indicated as circuit por- 
tions 322, 332, 342 and the resistance test circuit 302 
in the figure. The circuit portions 322, 324 and 326 form 
part of the triple sample sense amplifier circuit 304, and 
the circuit 302 comprises the MRAM element Hi/Lo re- 
sistance test circuit which is included for the purposes 
of built-in self-testing as discussed above. For the sake 
of clarity, the operation of the triple sample sense am- 
plifier circuit will be described in order to provide a better 
understanding of the operation of the test circuit 302. 
[0026] The circuit portions 322, 332 and 342 can also 
be referred to as a sample signal circuit (322), a sample 
•1 ' circuit (332) and a sample "0" circuit (342). The sam- 
ple signal circuit 322 has a pass transistor 324 which is 
coupled between the node V 1 and a signal integration 
node. The pass transistor 324 Is controlled by a Sample 
signal Input. The sample signal circuit 322 also has a 
hold signal capacitor 326 which is coupled between the 
signal integration node and ground, and together the 
transistor 324 and capacitor 326 can operate as a volt- 
age integration and sample/hold circuit. The other circuit 
portions 332 and 342 are similarly constructed. In par- 
ticular, the sample "1 " circuit 332 has a pass transistor 
334 which can selectively connect node V 1 to or isolate 
node V 1 from a hold "1" integration and hold capacitor 
336. The sample "0" circuit 342 also has a pass transis- 
tor 344 and an integration and hold capacitor 346. The 
transistors 334 and 344 are respectively controlled by a 
Sample n f input and a Sample m 0* Input. 



[0027] The integration node of the sample signal cir- 
cuit 322 is coupled to the positive input of an operational 
amplifier 350 by way of a shift transistor 328. Similarly, 
the integration nodes of circuit portions 332 and 342 are 
5 both coupled to the negative input of operational ampli- 
fier 350 through respective shift transistors 338 and 348. 
The shift transistors 328, 338 and 348 are commonly 
controlled by a Shift to Comparator signal. The opera- 
tional amplifier has its output coupled to a shift register 
10 354 through another shift transistor 352. The output of 
the operational amplifier 350 is controlled by a compa- 
rator clock input signal, and the shift transistor 352 Is 
controlled by a Shift to Output Register signal The shift 
register 354 comprises weak feedback coupled Invert- 
's ers 356 and 358 connected in known manner, and is 
provided to store the output from the operational ampli- 
fier 350. Basically, the operational amplifier 350 oper- 
ates as a comparator between the signal levels present 
on the positive and negative inputs, and provides an out- 
20 put accordingly which drives the register 354 to a w 1 " or 
"0" state indicative of the sensed state of the MRAM cell. 
This is described in greater detail below. 
[0028] The triple sample sense amplifier circuit 304 is 
a data destructive circuit, which destroys the data stored 
25 by the MRAM cell during the sensing procedure. There- 
fore, after the data has been sensed, the data must be 
written back to the sensed cell if the data is to be main- 
tained by the MRAM array. 

[0029] During an initial reset phase of the sense am- 
30 pHfier operation, the Reset signal is applied to turn on 
transistor 320 which effectively draws node V 1 to the 
supply voltage VDD. During this time the Sample signal 
input is asserted to turn on transistor 324. This allows 
the integration and hold capacitor 326 to charge to VDD. 
35 The reset transistor 320 is kept on for a period of time 
to allow the Integration capacitors to charge, and this 
can be accomplished whilst the MRAM array Is ad- 
dressed and the current through the selected MRAM cell 
310 is allowed to reach a steady state (up to several 
40 micro-seconds). The reset transistor 320 is then turned 
off for the first, signal sampling, phase of the sense am- 
plifier operation. The reset transistor 320 remains ofT for 
the entire sampling operation. 

[0030] During the first phase of the sense amplifier 
45 sampling operation, the Sample signal input is main- 
tained on for a predetermined sampling period. At this 
time the current through transistor 316 has reached a 
steady state which mirrors the current through the 
MRAM cell being sensed. The current through the 
50 MRAM cell 310 is of course dependent upon the resist- 
ance thereof, which in turn Is governed by the state of 
the data stored in the cell. For example, if a data "0" is 
stored in the MRAM cell, the resistance value R_MRAM 
may be proportionally higher than a median resistance 
55 value (e.g. by an amount of 5% to 20% for example). 
The current through transistor 316 depends upon the 
R^MRAM resistance, and will therefore be larger if 
MRAM cell stores a "1" than if it stores a "O". The current 
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through transistor 31 6 , with reset transistor 320 off and 
sample signal transistor 324 on, is drawn from the ca- 
pacitor 326. The capacitor 326 thus integrates the cur- 
rent drawn through transistor 316 during the sampling 
period, until the pass transistor 324 is turned off. With 
transistor 324 off the integrated voltage level is held by 
the capacitor 326, and represents the data stored by the 
MRAM cell 310. 

[0031] Inorderto determine whether the voltage level 
on capacitor 326 represents a data "1" or a data M 0*\ the 
triple sample sense amplifier generates a comparison 
voltage. The comparison voltage is generated by writing 
a "1" to the MRAM cell 310 (thereby destroying the pre- 
viously stored data) and sampling the R_MRAM resist- 
ance value, and then writing a "0" to the cell and again 
sampling. The samples obtained from the known "1 " and 
"0* cell states are combined Into an -average" value, 
which is used to compare against the signal sample. 
That procedure is described in further detail below. 
[0032] During a second phase of the sense amplifier 
sampling operation, a data T is written to the MRAM 
cell 310. Then, the Sample* V signal is asserted to turn 
on the transistor 334 for a reset period with transistor 
320 turned on to charge the integration capacitor 336 to 
VDD t and transistor 334 then remains on for a subse- 
quent sampling period. During the sampling period the 
capacitor 336 integrates current drawn through the mir- 
ror transistor 316, and the resulting voltage level on the 
capacitor 336 therefore represents the resistance of 
R_MRAM in a known "1" state. Once the transistor 334 
is turned off at the end of the second phase sampling 
period, the "I" voltage is held by capacitor 336. 
[0033] Similarly, during a third phase of the sense am- 
plifier sampling operation, a data "0" is written to the 
M RAM cell 31 0. Then, the Sample "O* signal is asserted 
to turn on the transistor 344 for a reset period with tran- 
sistor 320 turned on to charge the integration capacitor 
346 to VDD, and transistor 344 then remains on for a 
subsequent sampling period. During the sampling peri- 
od the capacitor 346 integrates current drawn through 
the mirror transistor 31 6, and the resulting voltage level 
on the capacitor 346 therefore represents the resistance 
of R_MRAM in a known "0" state. Once the transistor 
344 is turned off at the end of the third phase sampling 
period, the "0" voltage Is held by capacitor 346. 
[0034] After the three sampling phases, the integra- 
tion and hold capacitors 326, 336 and 346 respectively 
hold voltage levels which respectively represent the 
sensed original stored data of the MRAM cell 310, a 
known sensed data "1" and a known sensed data "0". 
The pass transistors 328, 338 and 348 are then turned 
on by asserting the Shift to Comparator signal. Because 
the outputs of circuit portions 332 and 342 are common- 
ly coupled to the negative input node of the operational 
amplifier 350, the voltage level resulting thereat after as- 
sertion of the Shift to Comparator Input is an "average" 
of the known "1 " and known "0" voltage levels. This "av- 
erage" voltage level is referred to as VR/2, and the volt- 



age stored by the signal integration and hold capacitor 
326 is referred to as V sig . 

[0035] Upon assertion of the Comparator Clock input 
to the operational amplifier 350, the operational ampli- 
5 fier provides an output which represents a comparison 
of the inputs and VR/2. For example, if the signal 
voltage level V stg is greater than the "average" voltage 
level VR/2, the output of the operational amplifier 350 is 
a relatively high voltage. Conversely if l^is less than 
w VR/2 then the op-amp output is relatively low. Then, the 
Shift to Output Register signal is asserted, turning on 
transistor 352, which allows the op-amp 350 output to 
drive register cell 354. Accordingly, if the output of op- 
amp 350 is relatively low, the register cell stores a data 
is -1 - (the register cell output Reg_out is at the output of 
inverter 356). If the output of op-amp 350 is relatively 
high, the stored output of the register cell 354 is a data 
"0". The structure of the register cell 354 is such that the 
value stored therein will remain, by virtue of a weak feed- 
back inverter 358, until an input to the register is provid- 
ed which overpowers the inverter 358. 
[0036] The Hi/Lo MRAM cell resistance test circuit 
302 is also coupled to the node V 1t and uses the mir- 
rored current through transistor 316 as input. The test 
circuit 302 operates using two inputs which are supplied 
from the testing FSM circuitry 112 referred to in Figure 
1. The first input is a Column Test Enable signal which 
controls a pass transistor 360. The pass transistor 360 
couples the test circuit 302 to the node V v and can be 
controlled by the Column Test Enable signal to selec- 
tively connect or disconnect a test integration and hold 
capacitor 362 to the node V 1 . The integration and hold 
operation of the transistor 360 and capacitor 362 is gen- 
erally similar to the operation of the equivalent functions 
of the circuit portions 322, 332, 342. However, the test 
circuit 302 operates separately from circuit portions 322, 
332 and 342, and therefore transistor 360 is switched 
on to the exclusion of the sampling pass transistors 324, 
334, 344 (and vice versa), so that the sense amplifier 
sampling functions do not interfere with the operation of 
the test circuit 302. 

[0037] The test circuit 302 operates In two separate 
phases, one for determining if the cell resistance 
RJMRAM is too high and another to determine if it Is too 
low. The principle of the test circuit 302 operation is a 
comparison of the time required for charge Integration 
due to current through transistor 316 to reach a prede- 
termined voltage level with predetermined time limits. 
An inverter 364 is coupled to the integrating node of the 
capacitor 362, and operates in the mode of a threshold 
device to set the predetermined voltage level. The out- 
put of inverter 364 is coupled through a pass transistor 
366 to the shift register cell 354 which is used to store 
a comparison result. The input signal Column Test Ref- 
erence to the pass transistor 366 Is used to apply the 
aforementioned predetermined time limits. A reset tran- 
sistor 368 is coupled between the input node to the reg- 
ister cell 354 and ground, which can be controlled for 
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example by the inverted Reset signal used for transistor 
320 in order to initialize the register cell 354 to a known 
state at the beginning of testing. 
[0038] During a first testing phase of the test circuit 
302, the Reset and Column Test Enable signals are in- 
itially asserted so that the capacitor 362 can be charged 
to a level approaching supply voltage VDD. Then, the 
reset trarisistor320 is turned off, and the voltage across 
capacitor 362 is allowed to integrate charge according 
to the current through transistor 31 6 (which is inversely 
proportional to the resistance R_MRAM being meas- 
ured). In general, if the resistance R_MRAM\s relatively 
low then the voltage at the input of the inverter 364 will 
reach the inverter switching threshold sooner during 
charge Integration than if R_MRAM is relatively high. 
The first phase of testing fs to determine if the output of 
the inverter makes a transition too early, indicating an 
RJMRAM value that is too low. The second phase of 
testing determines if the output of the inverter makes a 
transition before it is too late, which indicates that the 
R_MRAM value is not too high. The second testing 
phase is only carried out if the MRAM cell passes the 
test of the first phase. In order to gain a better under- 
standing of the testing procedure it is useful to refer to 
Figure 5, which is a timing diagram illustrating the rela- 
tive timing of relevant signal levels from the test circuit 
302. 

[0039] Figure 5 shows several voltage signal repre- 
sentations indicating the relative timing thereof. The in- 
put Reset signal is indicated at 502, MRAM array ad- 
dressing inputs are indicated at 504, and the Column 
Test Enable input is indicated at 506. A time range for 
transitions of the output, Comp__out t of the inverter 364 
which is within specification limits is indicated at 508. 
The lower end of the time range is time t L , and if during 
testing the transition of Comp_outfor a given MRAM cell 
occurs before t L then that cell is considered to have a 
resistance RJMRAM value that Is too low. The upper 
end of the time range is time f^, and if during testing the 
transition of Comp_out for a given MRAM cell occurs 
after f H then that cell is considered to have a resistance 
RJMRAM value that is too high. 
[0040] In order to test whether RJMRAM is too low, 
the Column Test Reference signal is controlled so that 
transistor 366 Is turned off at time f L , as indicated at 51 0. 
in this case the transistor 366 is maintained in the on 
state for a period preceding time t L , as shown in the fig- 
ure. The length of time that Column Test Reference is 
asserted need only be sufficient for the output 
CompjDut of the inverter 364 to drive the register cell 
354. 

[0041 ] According to this phase of the testing, if the re- 
sistance R_MRAM\s within the specified range, the fol- 
lowing effects occur: 

i) the current through transistors 314 and 316 is 
within acceptable range; 

ii) the voltage at the integration node of capacitor 



12 

362 decays from VDD at an acceptable rate; and 

iii) the inverter output Comp__out is not driven from 
low to high before time t L \ and so 

iv) the value stored in register cell 354 following time 
5 t L remains the same as the value preset using tran- 
sistor 368 (i.e. for time > t L , Reg_out ~ M r); and 

v) because the transistor 366 is turned off at time 
t L , any transition occurring at Comp_out after t L 
does not affect the register output Reg_put. 

10 

Accordingly, for an MRAM cell 310 that has a resistance 
value R_MRAM\Y\bX is higher than a specified lower lim- 
it, the register cell output Reg_out\$ M 1 " after the Column 
Test Reference signal has been driven low (i.e. after fj. 
is Examples of signal representations for Comp_outar\6 
Reg_out in the case of an MRAM cell with resistance 
that meets the lower limit specification are shown at 512 
and 514, respectively. 

[0042] The same testing output as an acceptable cell 
20 is obtained in the first testing phase if the MRAM cell 
resistance is too high. Therefore if the MRAM cell pass- 
es testing in the first phase it is necessary to carry out 
the second phase testing to determine if RJARAM is 
too high. If the MRAM cell fails the first phase test then 
25 it is not necessary to continue the testing, since a cell 
has already failed and in any event cannot have resist- 
ance that is both too high and too low. For consistency 
of procedure, however, the second phase test maybe 
carried out anyway, and the result ignored. 
so [0043] On the other hand, if the resistance RJARAM 
is lower than the specified range, the following effects 
occur. 

0 the current through transistors 314 and 316 is 
35 higher than acceptable; 

ii) the voltage at the integration node of capacitor 
362 decays from VDD at a faster than acceptable 
rate; and 

iii) consequently the inverter output Compjout is 
40 driven from low to high before the lower time limit 

t L ; and so 

iv) the input to register ceil 354 is driven high 
through open pass transistor 366 before the pass 
transistor is closed at time f L ; and 

45 v) after the transistor 366 is turned off at time t L , the 
register output Reg_out\s "O", which differs from the 
preset "I" value. 

Accordingly, for an MRAM cell 310 that has a resistance 
50 value R_MRAM that is lower than a specif ied lower limit, 
the register cell output Readout is "O" after the Column 
Test Reference signal has been driven low (i.e. after /J. 
Examples of signal representations for Compjout and 
Reg_put in the case of an MRAM cell with resistance 
55 that does not meet the lower limit specification are 
shown at 516 and 518, respectively . 
[0044] In order to test whether RJMRAM is too high, 
the Column Test Reference signal Is controlled so that 
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transistor 366 is turned off at time t H , as indicated at 520. 
In this case the transistor 366 is maintained in the on 
state for a period preceding time t H , as shown in the fig- 
ure. The length of time that Column Test Reference is 
asserted need only be sufficient for the output 
Comp_out of the inverter 364 to drive the register cell 
354. 

[0045] For the second phase resistance specification 
test, if the MRAM cell resistance is within lower than the 
upper specification limit then the Comp^out signal tran- 
sition will occur within the time period f L to r H as indicated 
at 522. Then, while the Column Test Reference signal 
520 is asserted, the inverter output will drive the initially 
high Heg_out output of the register cell 354 to a low ( M 0 ,( ) 
level, as seen at 524. For an MRAM cell with a resist- 
ance that is too high, the Comp_out transition does not 
occur before pass transistor 366 is turned off, and there- 
fore Heg_out remains at a high ("1") level in that case 
(see 526 and 528 in Figure 5). As a result, an MRAM 
cell that has resistance that is too high will return 
Reg_out= "1" following the second phase test. On the 
other hand, an MRAM cell with resistance tower than 
the specified upper limit will return a second phase test- 
ing result of Reg_out = "O". 

[0046] Combining the first and second phase tests, an 
MRAM cell can be judged as having acceptable resist- 
ance only if the first test result returns Reg_out(1) - "1 " 
AND the second test result returns Reg_out(2) - "0". 
Any other combination of first and second phase testing 
results indicates that the resistance value of the MRAM 
cell under test Is unacceptable as being outside of the 
tolerable resistance specifications. The test results can 
be compared against the predetermined acceptable re- 
sults by the test FSM 112 (Figure 1), or using simple 
logic circuitry (not shown). The test results for cells in a 
given column of the MRAM array may also be counted 
by the Column Error Counter 110 shown in Figure 1. 
[0047] Figure 4 illustrates a single sample MRAM 
sense amplifier circuit 400 which includes provision for 
high and low resistance specification testing. The basic 
operation of the single sample sense amplifier circuit re- 
lies on a reference circuit with preset tolerances which 
is used to compare against the MRAM cell being 
sensed. The detailed operation of the circuit 400 is de- 
scribed hereinbelow. 

[0048] The single sample sense amplifier circuit 400 
comprises two primary circuit portions: a reference cir- 
cuit 450 and a signal circuit 402. As can be seen in Fig- 
ure 4, the reference circuit and signal circuit are gener- 
ally similar in structure, and each comprise a pre-ampli- 
fier stage and a comparator stage. The single sample 
sensing circuit 400 utilizes a buffered direct injection 
pre-amplifier stage, in contrast to the current mirror 
stage employed in the triple sample sensing circuit de- 
scribed above. Regarding the signal circuit 402, an 
MRAM cell to be sensed (410) is coupled to the sensing 
circuit at the negative input of an operational amplifier 
414. As described hereinabove, the MRAM cell can be 



considered as a resistive element R_MRAM (array) 41 1 , 
in parallel with a capacttive element 412. The operation- 
al amplifier 414 is has its positive input coupled to re- 
ceive an Rjref control signal, as in the previously de- 
5 scribed sensing circuit, which can be used to control the 
bias of the direct injection transistor 416. The transistor 
416 couples the pre-amplifier stage to the input node, 
labeled SIG /, of the comparator stage of the signal cir- 
cuit 402. 

io [0049] The pre-amplrf ier stage of the reference circuit 
450 is structured the same as that of the signal circuit 
402. An MRAM cell 460 is coupled to an operational am- 
plifier 464 which controls the bias of a direct injection 
transistor 466. In the reference circuit, however, the 

'5 MRAM cell 460 is not an MRAM array storage cell but 
is an MRAM cell provided specifically for a reference 
comparison. The MRAM cell 460 has a resistive element 
R_MRAM (reference) 461 , which has a nominal MRAM 
resistance value. The reference MRAM cell is preferably 

20 fabricated in the same way as the MRAM cells in the 
array being sensed, which facilitates the matching of the 
capacitance values 412 and 462. The direct injection 
transistor 466 couples the reference MRAM cell to the 
input node of the reference circuit comparator stage, la- 

25 be\e6REF1. 

[0050] Referring again to the signal circuit 402, the in- 
put to the comparator stage has an integrating capacitor 
420 coupled between the input node SIG1 and ground. 
The input node StG1 also has a reset circuit coupled 

30 thereto, in the form of a p-type transistor 418 coupled 
between SIG1 and voltage source VDD and controlled 
by a Reset signal. The node SIG1 is furthermore cou- 
pled to the input of a first inverter 422. The output of the 
first Inverter 422 is coupled to the input of a second in- 

35 verter 424. The output of the second inverter provides 
an output node for the comparator stage, labeled StG2. 
The output node SIG2 of the signal circuit is coupled to 
the input of a register cell 440 through a logic gate pass 
transistor 430. The register cell 440 Is generally equiv- 

*o alent to the register cell 354 of circuit 300 described 
hereinabove. The logic gate pass transistor 430 is con- 
trolled by the output of the reference circuit 450, as de- 
scribed below. 

[0051] The comparator stage of the reference circuit 
45 450 has substantially the same structure as the compa- 
rator stage of the signal circuit. In particular, Input node 
of the reference circuit comparator stage, REF1, is cou- 
pled to an integrating capacitor 470, a reset transistor 
468, and the input to a first inverter 472. The output of 
so first inverter 472 provides the input to a second inverter 
474. The output of second inverter 474 provides the out- 
put of the reference circuit 450 at node REF2, through 
a pass transistor 476 which is controlled by a Run con- 
trol signal. The output node RBF2 controls the afore- 
55 mentioned logic gate pass transistor 430. 

[0052] As mentioned, the register cell 440 has gener- 
ally the same structure as the register cell 354 previous- 
ly described, with a storage inverter 442 and weak feed- 
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back inverter 444. In this case the register cell 440 can 
be placed in a predetermined state by way of a reset 
pull-up transistor 446 controlled by the Reset signal. 
[0053] The single sample sensing circuit 400 oper- 
ates somewhat like a signal race between the signal cir- 
cuit 402 and the reference circuit 450. The reference cir- 
cuit 450 controls the pass transistor 430, and if the signal 
circuit 402 "wins" the race then the output at S/G2 is 
able to change the state of register cell 440 before the 
pass transistor 430 is turned off. On the other hand, if 
the reference circuit 450 "wins" then the transistor 430 
is turned off before the register cell is changed. 
[0054] At the beginning of the sensing procedure both 
of the integrating nodes SIG1 and REF1 of capacitors 
420 and 470 are raised substantially to voltage VDD by 
pulsing control signal Reset This also has the effect of 
resetting the register cell 440 by pulling the input thereof 
high thereby providing an initial state of the register cell 
output Reguout = "0\ The pass transistor 476 is kept 
open by asserting the Hun signal while the sensing cir- 
cuit is in operation. The Run signal is turned off for the 
purposes of the built-in self testing which is described 
further below. With the RBF1 and SIG1 nodes charged 
to VDD the output nodes REF2and SlG2are also high, 
which means that logic gate pass transistor 430 is open 
and the register output Readout remains low (logic "0"). 
When the Reset signal is turned off, the pre-charged ca- 
pacitors 420 and 470 begin to integrate by discharging 
current through the respective R_MRAM resistive ele- 
ments 411 and 461 . When the voltage at the integration 
node SIG1 reaches the threshold voltage of the first in- 
verter 422, the output of that inverter will change, caus- 
ing the output node SIG2to change from the initial logic 
"1 " state to a logic "0" state. The time at which that tran- 
sition takes place depends upon the capacitance of the 
integrating capacitor 420, and also on the integration 
rate which is affected by the value of array resistance 
R^MRAM 411. The value of R^MRAM 41 1 is variable 
according to the stored state thereof, and therefore the 
state of the array MRAM cell 410 affects the timing of 
the SIG2 transition. 

[0055] Because the reference circu It 450 is construct- 
ed similarly to the signal circuit 402, the initial state of 
output node REF2 is also logic "1". The timing of the 
transition of REF2 Irom a logic "1" to a logic "0" state is 
affected by the capacitance 470 and resistance 
RJMRAM4&\ of the reference MRAM cell 460. The ref- 
erence cell 460 is not programmable as the MRAM cells 
of the array are, and the value of the resistance 461 is 
therefore fixed. The capacitance value of capacitor 470 
is also fixed, as is the value of capacitor 420. Accord- 
ingly, the relative timing of the transitions of output 
nodes SIG2 and REF2, for given values of capacitors 
420 and 470, is governed by the programmed resist- 
ance of R_MRAM (array) 411 . The relative values of ca- 
pacitors 420 and 470 can thus be chosen so that for a 
first state of M RAM cell 41 0 the transition of SIG2 occurs 
before REF2 t and for a second state of cell 41 0 the tran- 



sition of SIG2 occurs after REF2. This means that in the 
first state of cell 410, the transition of SIG2 causes a 
transition of register output Reg_out from "0" to "1 u , and 
in the second state of cell 410 Reg_out remains at logic 
5 W 0 M . Thus the state of the sensed MRAM cell is indicated 
by the register cell output Reg_out. It will be noted that 
this sensing scheme is not data destructive as in the 
case of the triple sample sensing procedure. 
[0056] In the case of the single sample sensing circuit 

io 400, the functionality of high/low resistance specifica- 
tion testing can be added using a single pass transistor 
480. The testing pass transistor 480 couples a control 
input Column Test Reference to the gate of the logic gate 
transistor 430 at node REF2. The testing transistor 480 

15 is turned on or off by another control signal Column Test 
Enable. Both of the control signals Column Test Refer- 
ence and Column Test Enable can be provided by con- 
trol circuitry, such as the Test FSM 112 referred to in 
Figure 1. The signal Column Test Enable and Run sig- 

20 nal are controlled so that only one of the transistors 476 
and 480 are turned on at a time. This means that when 
transistor 480 is on, node REF2can be controlled by the 
Column Test Reference signal without interference from 
the reference circuit 450. The Column Test Reference 

25 signal is controlled as described below in order to de- 
termine whether the R_MRAM (anay) resistance 411 is 
within specified limits. 

[0057] With the testing transistor 480 enabled, the 
testing procedure for controlling Column Test Reference 

30 signal to determine if the resistance R_MRAM 411 is 
within specifications is similar to that described above 
for controlling the transistor 366 in circuit 302. A first 
testing pulse is applied during a sensing cycle of the sig- 
nal circuit 402 to determine if the cell resistance is too 

as low. The end of the first pulse corresponds to the timing 
of a transition of SIG2 which is on the lower limit of ac- 
ceptability, therefore corresponding to a lower specified 
limit of cell resistance. If, following the first testing pulse, 
the output Reg_out remains at "0", the resistance of el- 

40 ement411 isjudgedtobegreaterthanthespecifiedlow- 
er limit Then, a second testing pulse is applied to the 
Column Test Reference signal during another sensing 
cycle of the circuit 402. The end of the second testing 
pulse is timed to coincide with the timing of a transition 

45 of SIG2 which is on the upper limit of acceptability, there- 
fore corresponding to an upper specified limit of cell re- 
sistance. If, following the second testing pulse, the out- 
put Reg_out has changed to "1", the resistance of ele- 
ment 411 is judged to be less than the specified upper 

50 limit. Thus, if the result of the first testing cycle is 
Reg__out= m 0 m and the second testing cycle is Regjout 
= T, the MRAM cell 410 is determined to have a nom- 
inal resistance value that is within the specified accept- 
able limits. The relative timing can be easily ascertained 

55 having reference to the timing diagram of Figure 5 as 
described above. 

[0058] The circuits illustrated in Figures 3 and 4 and 
described hereinabove are specific examples of analog 
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sense amplifiers which are configured to perform Hi/Lo 
resistance testing according to particular embodiments 
of this invention, and this method of sensing Hi and Lo 
resistance will work with other types of sense amplifiers 
also. In particular, it is envisaged that the described 5 
techniques for sensing Hi and Lo resistance limits are 
applicable to any integrating sense amplifier, including 
both analog and digital sense amplifiers. 
[0059] A third set of built-in self tests are the conven- 
tional pattern tests. Patterns of all "1 M s, all Ts, altemat- io 
ing ■o'-Ts and "1'-"0"s are written to and then read 
from the MRAM array. The pattern is written into the en- 
tire array and then read, row by row. During the row 
reading process, the pattern value is asserted as an in- 
put to a exclusive-OR circuit and compared to the value is 
detected by the sense amplifier, the result is stored in 
the sense amplifier data I/O scan register. 
[0060] Errors detected by the Ht/Lo resistance test or 
by the pattern tests are stored in the sense amplifier data 
I/O scan registers. An error flag is reported for the entire 20 
row if one or more errors have been detected. The circuit 
600 shown in Figure 6 can be used to monitor all the 
sense amplifier data I/O scan registers and combine the 
data with a wired-OR circuit. Two paths are indicated to 
connect the sense amplifier data I/O scan registers to 25 
the wired-OR circuit, one through an inverter and one 
straight connection to account for the mode of error re- 
porting of the resistance specification tests described 
above. 

[0061] The circuit 600 as shown has two sense am- 30 
plifier scan register cells 602 and 604 which are ar- 
ranged in shift registers fashion clocked by shift clock 
signals SCLK and SCLKB. The first of the scan regis- 
ters, 602, receives input from an M RAM sense amplifier 
circuit, such as a single or triple sample sense amplifier 35 
of the type described hereinabove in relation to Figures 
4 and 3, respectively. 

[0062] Also coupled to the input of the first scan reg- 
ister is a pattern testing circuit 610. The pattern testing 
circuit 610 has a test pattern assertion portion compris- 40 
ing transistors 612 and 614 which are arranged to re- 
spectively pull-up or pull-down an input node to rep- 
resent a test pattern Input "1 " or "0". The pull-up and pull 
down transistors are controlled by Input write signals W1 
and WO. The . node T, is connected both a test pattern 45 
read circuit and a test pattern write circuit. The test pat- 
tern read circuit comprises an exclusive-OR gate 616 
which is connected in series with a pass transistor 618. 
The inputs of the exclusive-OR gate are provided from 
the sense amplifier and the node T-j . The output of the so 
test pattern read circuit from the pass transistor 618 is 
in turn connected back at the input of the scan register. 
The clocking transistor controlled by CLKB separates 
the input and output of the pattern testing circuit 610. 
The test pattern write circuit comprises another pass ss 
transistor 620 that is connected in parallel with the test 
pattern read circuit from node T f to the Input of the scan 
register. 



[0063] The test pattern write and read circuits are able 
to be coupled in parallel in view of the way in which data 
is input to and output from an M RAM array with the scan 
register. In short, the scan register is used for both input 
and output of data. The control signals to the pass tran- 
sistors 618 and 620 are mutually exclusive so that only 
one of the test pattern write and read operations can be 
enabled at one time. During a write operation, pass tran- 
sistor 620 is enabled, and a selected binary state is as- 
serted using one of the pull-up and pull-down transistors 
612, 614. This allows the selected partem to be written 
into the relevant MRAM cell through the scan register 1/ 
O in standard manner. Then, the MRAM cell is read 
through the sense amplifier circuit as above described, 
and the sensed binary level appears at the input to the 
circuit 610. The exclusive-OR gate 616 detects any dif- 
ferences between the data that was written and the data 
that was read, and the result of the pattern test is stored 
in the scan register when the pass transistor 618 is en- 
abled. 

[0064] The output of the scan register cell 604 in cir- 
cuit 600, at node T 2 , may be coupled in a chained circuit 
manner to the input of the scan register circuit of the 
next column of the array. The chained scan registers can 
thus store a pattern test error vector which can be uti- 
lized by the Column Error Counter 110 (Figure 1), for 
example. 

[0065] As will be appreciated from the foregoing de- 
scription, the node T 2 at the output of the scan register 
in circuit 600 will receive the built-in serf-test results of 
both of the above described resistance specification 
testing and pattern tests, as the individual tests are car- 
ried out. To allow all of the test results to be registered, 
the test results provided from the scan register output 
in circuit 600 are coupled into a column wired-OR test 
circuit 630 which is of similar structure to the row wired- 
OR circuit described in relation to Figure 2. The column 
wired-OR circuit 630 is controlled by a Test_Cof input 
signal which only enables output of the wired-OR circuit 
to an Error Flag Column Register 640 when the row un- 
der consideration Is selected, e.g. by the Test FSM 112 
(Figure 1). 

[0066] In between the node T 2 and the column wired- 
OR circuit 630 is a selection circuit 622 which Is used to 
ensure consistency or error reporting from the self-test 
circuits. The selection circuit 622 has a first circuit arm 
which comprises a pass transistor 624. The pass tran- 
sistor 624 is enabled when the particular self-test being 
earned out returns a logic "1" if the MRAM cell passes 
the test. A second circuit arm of the selection circuit has 
an inverter 626 coupled in series with a pass transistor 
628. The second circuit arm of the selection circuit 622 
is enabled if the particular test being carried out has an 
expected pass result of logic "0". The selection circuit 
622 allows M RAM cell errors detected by the testing cir- 
cuitry to be consistently recorded in the Error Flag Col- 
umn Register 640, which can be incorporated into the 
Test FSM (Figure 1). 
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[0067] Errors reported by the column test circuits may 
be single bit errors that are correctable by ECC (Error 
Correction Circuits) or may be multiple bit errors that 
warrant the row being marked as a 'BAD' row. A counter 
is used to determine whether there are a sufficient 5 
number of errors for marking the row 'BAD'. If the column 
error flag indicates an error condition exists, the data in 
the sense amplifier data I/O scan registers is shifted into 
the column error counter (110 in Figure 1). When the 
row error count exceeds a value determined as un-cor- io 
rectable by an external ECC, the row may be marked 
as 'BAD'. Error data created by the built-in self test cir- 
cuits may be collected by external circuits for future 
processing or reported to the tester. One external circuit 
to hold the built-in self test data is a 'status register* that 15 
would be used by the system using the MRAM to direct 
the writing of data into known good memory locations. 
[0068] The preferred implementation of the present 
invention involves several integrated built-in test circuits 
that can be used to perform a comprehensive set of tests 20 
.to locate defects in a MRAM memory array. Shorted el- 
ements and open rows can be detected with the use of 
row wired -OR test circuit. Dynamic Hi/Lo memory cell 
resistance tests are carried out through the use of spe- 
cially constructed sense amplifier circuits. Pattern tests 25 
can be performed with the use of exclusive-OR circuits 
integrated into the sense amplifiers and using the scan 
data I/O registers. Outputs from the Hi/Lo, and pattern 
tests examine the performance of individual MRAM 
memory elements. A wired-OR circuit is used to com- 30 
bine the Hi/Lo and pattern tests results into a single col- 
umn error flag. If the column error flag is set, an error 
test counter is included to count the number of cells in 
a row the are marked as BAD. The column error count 
may be used to determine if the row of data is ECC cor- 35 
rectable. 

[0069] Based on the detailed description of the func- 
tions of the present invention and the preferred embod- 
iments thereof, including the requirements of the con- 
trolling signals utilized by some of the circuits, it is within 40 
the capabilities of a person of ordinary skill In the art to 
construct a controlling circuit such as the Test FSM cir- 
cuit 1 12 shown in block form in Figure 1 . The controlling 
circuit can be constructed In any desirable form in order 
to provide the control signals discussed and described 45 
in detail hereinabove, and those skilled in the field of 
built-in testing for 



and lower limits. 

2. A built-in self testing system as claimed in claim 1 , 
wherein the resistance specification testing circuit 
compares a signal generated from each respective 
memory cell with first and second predetermined 
timing signals (51 0, 520) representing the predeter- 
mined upper and lower memory cell resistance 
specification limits. 

3. A built-in self testing system as claimed in claim 2, 
wherein the resistance specification testing circuit 
is incorporated in sense amplifier circuitry (300 ( 
400) of the integrated circuit, the resistance speci- 
fication testing circuit including a charge integrating 
circuit (362, 420) arranged to integrate charge ac- 
cording to sensing current through a memory cell 
under test, a threshold circuit (364, 422, 424) cou- 
pled to provide a binary output from the integrating 
element, and a switching circuit (366, 480, 430) 
coupled to provide said binary output to a scan reg- 
ister (354, 440) of the sense amplifier in accordance 
with said first and second predetermined timing sig- 
nals. 

4. A buiit-in self testing system as claimed in any one 
of claims 1 to 3, further comprising a second testing 
circuit (106, 200) coupled to the rows of memory 
cells in the memory array (1 02, 202) and arranged 
to detect shorted memory ceils (211) and open row 
addressing lines (209) in the respective array rows. 

5. A built-in self testing system as claimed in claim 4, 
wherein the second testing circuit comprises a 
wired-OR circuit (21 6, 21 8) coupled with the mem- 
ory array rows to provide input and coupled to pro- 
vide output (208) to a row error flag register (222) 
which records if any shorted cell or open row ad- 
dressing line is detected In the memory array. 

6. A built-in self testing system as claimed in any one 
of claims 1 to 5, further comprising a third testing 
circuit (108, 610) coupled to a scan register (602, 
604) of the memory array and arranged to write a 
predetermined data pattern into the memory array 
(612, 614, 620), read out data from the memory ar- 
ray, and compare the data read out with the data 
written in (612, 614, 616, 618). 



Claims 50 



1 . A built-in self testing system for a magneto-resistive 
memory array integrated circuit, comprising a first 
resistance specification testing circuit (108, 300, 
400) coupled to the bltlines of the memory array ss 
(1 02) for testing the resistance of each memory cell 
(310, 410) in the memory array to determine if the 
resistance thereof Is within predetermined upper 



7. A built-in serf testing system as claimed in claim 6, 
wherein the third testing circuit is coupled with the 
first testing circuit through a wired-OR circuit (630) 
to combine the outputs thereof into an error flag col- 
umn register (640). 

8. A built-in self testing system for a magneto-resistive 
random access memory (MRAM) integrated circuit 
having an array (102, 202) of memory cells (210, 
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310, 41 0), the memory cells each coupled between 
a respective row line (206) and column line (204) of 
the array, with sense amplifiers (300, 400) being 
coupled to the column lines of the array to sense 
data stored in the memory cells and a scan register 5 
(354, 440) coupled to receive output from the sense 
amplifiers and provide input for the memory cells in 
the array, the built-in self-testing system compris- 
ing: 

10 

a first testing circuit (108) comprising a resist- 
ance specification testing circuit (360, 362, 
364, 366, 480) coupled to the respective sense 
amplifiers for testing the resistance of each 
memory cell in the memory array to determine is 
if the resistance thereof is within predetermined 
upper and lower limits; 

a second testing circuit (106, 200) coupled to 
the row lines (206) of the memory array (202) 
for detecting shorted memory cells (211) and 20 
open row addressing lines (209) in the respec- 
tive array rows; and 

a third testing circuit (108, 610) coupled to the 
scan register (602, 604) of the memory array 
and arranged to write a predetermined data 25 
pattern into the memory array (612, 614, 620), 
read out data from the memory array, and com- 
pare the data read out with the data written in 
(612, 614, 616, 618). 

30 

9. A built-in self testing system as claimed In claim 8, 
wherein the resistance specification testing circuit 
compares testing signals generated in the sense 
amplifiers corresponding to each respective mem- 
ory cell with first and second predetermined timing 35 
signals (510, 520) representing the predetermined 
upper and lower memory cell resistance specifica- 
tion limits so as to generate an error flag signal if 

the testing signal for a memory cell In the array is 
outside of the first and second predetermined timing 
signal limits (51 8, 528). 

10. A built-in self testing system as claimed in claim 9, 
wherein the resistance specification testing circuit 
includes a charge integrating circuit (362, 420) ar- 45 
ranged to integrate charge according to sensing 
current through a memory cell under test (310, 41 0), 

a threshold circuit (364, 422, 424) coupled to pro- 
vide a binary output from the integrating element, 
and a switching circuit (366, 480, 430) coupled to so 
provide said binary output to the scan register (354, 
440) in accordance with said first and second pre- 
determined timing signals. 
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and shorted memory cells (211). A dynamic sense cir- 
cuit (300, 400) detects whether the resistance of mem- 
ory cells Is within specified limits (510, 520). An exelu- 
sive-OR gate (616) combined with global write controls 
(612, 614, 620) is integrated into the sense amplifiers 
and Is used to perform simple read-write pattern tests. 
Error data from the margin tests and the read-write tests 
are reported through a second wired-OR circuit (630). 
Outputs from the two wired-OR circuits and the associ- 
ated row addresses are reported to the test processor 
(1 1 2) or recorded into an on-chip error status table (110). 
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